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Integration of Pneumatic Technology 
in Powered Mobility Devices
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Advances in electric motors, electronics, and control systems have enhanced the capability and drivability of electric power 
mobility devices over the last 60 years. Yet, battery technologies used in powered mobility devices (PMDs) have not kept pace. 
Recent advances in pneumatic technology, primarily the high torque, low speed design of rotary piston air motors, directly align 
with the needs of PMD. Pneumatic technology has advantages over battery-powered technology, including lighter weight, lower 
operating costs, decreased environmental impact, better reliability, and increased safety. Two prototypes were created that 
incorporated rotary piston air motors, high-pressure air tanks, and air-pressure regulators. Prototype 1 was created by modifying 
an existing electric PMD. Range tests were performed to determine the feasibility of pneumatic technology and the optimal 
combination of components to allow the longest range possible at acceptable speeds over ideal conditions. Using a 1.44 L air 
tank for feasibility testing, prototype 1 was capable of traveling 800 m, which confirmed the feasibility of pneumatic technology 
usage in PMDs. Prototype 2 was designed based on the testing results from prototype 1. After further optimization of prototype 
2, the average maximum range was 3,150 m. Prototype 2 is up to 28.3% lighter than an equivalent size electric PMD and can 
be fully recharged in approximately 2 minutes. It decreases the cost of PMDs by approximately $1,500, because batteries do not 
need to be replaced over the lifetime of the device. The results provide justification for the use of pneumatic technology in PMDs. 
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Powered mobility devices (PMDs) have used 
batteries for their energy source since George 
Klein invented the first electric wheelchair in 

the 1950s.1 Numerous advances in electric motors, 
electronics, and control systems have enhanced 
the capability and drivability of PMDs.2-6 Yet, 
advancements in battery technologies have not 
progressed at the same pace.

Prior to the invention of gel-cell lead-acid 
batteries, wet-cell lead-acid batteries were used in 
PMDs. Due to the need to pay careful attention to 
their electrolyte levels and their hazardous nature, 
they were replaced by gel-cell or sealed lead-
acid batteries. These batteries are now the most 
common type of batteries used in PMDs. They 
require less maintenance and are safe for airline 
travel.7,8 Other types of batteries that have been 
used with PMDs are nickel-cadmium and nickel-
zinc. These batteries offer higher energy densities 
and are lighter weight when compared to lead-
acid batteries, but they are much more expensive8 

and need to be replaced more frequently. Batteries 
have the tendency to lose capacity if they are only 
partially discharged for several charge and discharge 
cycles. It is then necessary to nearly completely 
discharge and recharge the batteries to restore their 
capacity. This is called battery memory. Nickel-
cadmium and nickel-zinc batteries demonstrate 
a stronger memory effect compared to lead-acid 
batteries, therefore they are often connected to a 
control circuit to optimize charging.8 One study 
on battery performance found a wide difference in 
performance over time due to the charge capacity 
of the batteries becoming unbalanced; another 
study found the quality and performance of 
battery chargers to be inconsistent.7,9 All of these 
factors affect the performance of the PMD over the 
lifetime of the device.

Lead-acid batteries can be hazardous and 
are increasingly costly and difficult to recycle.10 
Annual disposal of PMD batteries is a cost and 
environmental protection issue.11 The battery 
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maintenance intensity of PMD systems is critically 
high: charging time (5-8 hours), battery disposal, 
electrical socket repairs, fire risks, hazardous 
out-gassing, and electric shock danger make it 
imperative to investigate alternatives.12 The need 
for new power sources, power management 
systems, and drivetrains for PMDs has been 
noted in several reports and studies.10-14 Even 
though advances in battery technology have been 
made in hybrid and electric-powered vehicles, 
the technology remains expensive and presents 
numerous safety issues for PMD usage.15 For 
instance, the lithium-ion technology used in 
many hybrid and electric vehicles has energy 
densities twice that of nickel-cadmium and is low 
maintenance, slow self-discharging. Lithium-ion 
batteries require protection circuits that monitor 
the temperature and voltages of each cell to 
maintain safe operation.16,17 Despite the advantages 
of lithium-ion batteries, issues regarding their 
safety, reliability, compatibility, and cost have 
prevented their usage in PMDs.18-20

To further advance technologies in PMDs, other 
sources of energy need to be considered. One 
possibility is compressed air. Air-powered vehicles 
have been in existence for over 200 years. In the 
1800s, locomotives were the first air-powered 
vehicles; they were powered by the Mekarski air 
engine, the Robert Hardie air engine, and the 
Hoadley-Knight pneumatic system. The inventor 
of the first air-powered car is unknown; numerous 
individuals claim to have done so in the 1920s and 
1930s.21 In 2012, Tata, an Indian carmaker, claimed 
that their Air Car would go into production 
and be one of the cheapest and simplest cars on 
the road.22 However, commercialization of the 
product was delayed for fine-tuning. As recently 
as 2015, Tata planned to work with Motor 
Development International (MDI) to make a 
version of MDI’s AirPod available for purchase 
in Hawaii.23 As of July 2016, the AirPod has 
not gone into production. Experts suggest its 
unavailability is due to its limited range and the 
lack of infrastructure to recharge the compressed 
air tanks.22 Although these 2 issues are also 
concerns when using compressed air in PMDs, 
previous research has shown that most PMD users 
travel short distances over the course of a day and 
much of that travel is indoors.24-26 The installation 

of a supportive infrastructure can be justified by 
the increased reliability and lower maintenance 
costs of pneumatic systems compared to electric 
power systems for both industrial and personal 
use. These 2 factors should drive the industry 
toward replacing electric PMDs with pneumatic 
PMDs. The numerous advantages that pneumatic 
systems provide over electronic systems justify 
an investigation of their usage in PMDs. From 
their potential to allow users to interact with 
wet environments such as beaches and water 
parks to their improved transportability because 
of the decreased weight, pneumatic PMDs can 
revolutionize the mobility device industry.  

In this study, 2 prototypes were created to 
investigate whether pneumatic technology 
in PMDs is an alternative to current electric 
technology. Prototype 1 was created by replacing 
the electrical system of an electric-powered 
mobility scooter with the pneumatic system. 
This served as a testbed to determine the 
optimal configuration of  parameters and 
components through performance and stability 
tests. Prototype 2 consisted of a custom-designed 
aluminum frame and incorporated the findings 
from testing of prototype 1. In this article, 
specifications of prototype 2 are compared 
to specifications of similar electric-powered 
mobility devices.

Methods

Prototype design and development

Prototype 1

Prototype 1 (Figure 1) was developed by 
installing a pneumatic system consisting of a 
directional control valve, flow control valve, airline 
tubing, and pneumatic motor into an electric 
mobility scooter frame. The original electronic 
system including 2 batteries, electric motor, 
computer, and electrical wiring was removed. 
The directional control valve allowed the device 
to be driven forward or backward while the flow 
control valve acted as a speed control by restricting 
the airflow to the pneumatic motor. The same 
electric mobility scooter frame was used for the 
3- and 4-wheel versions of prototype 1. As a result, 
the prototype could either be one or the other as 

23_2_Text_04.indd   121 3/28/17   2:36 PM



122 Topics in spinal cord injury rehabiliTaTion/spring 2017

needed. In the 4-wheel version, the original drive 
system was replaced with a limited slip differential 
and 36-tooth sprocket that was connected to the 
pneumatic motor via a chain and second sprocket 
(Figure 1). In the 3-wheel version, the limited slip 
differential, sprockets, and chain were removed 
and the tire was directly mounted to the pneumatic 
motor output shaft (Figure 1). 

Prototype 2 

Prototype 2 was developed to further enhance 
the capabilities of the prototype through the design 
of a custom aluminum frame. We determined the 
optimal configuration of components by testing 
prototype 1 and incorporated these findings into 
prototype 2. Prototype 2 was to be 20% lighter 
in weight compared to a similar electric mobility 
scooter, have a maximum user weight of 100 kg, 
have interchangeable seating systems, and be water 
resistant. Additional features included a modular 
front steering mechanism, no electronics, and a 
single, easily accessible charge port. 

Prototype testing 

Prototype 1 feasibility testing setup and procedure

Feasibility testing using the 4-wheel version of 
prototype 1 was performed to determine whether 
the prototype was capable of traveling a reasonable 
distance on a fixed amount of air. Reasonable 
distance was defined as traveling at least 500 m 
over a flat surface using a 1.44 L tank pressurized 
to 310 bar. This test was performed using the Bibus 
EasyDrive PMO 1800 motor,27 6.35 mm diameter 

airline tubing, 6.21 bar operating pressure, and 1:1 
gear ratio. The prototype was driven at 1.34 m/s 
over a flat surface until the 1.44 L tank was empty 
and the prototype came to a rest.

Prototype 1 range testing setup

After confirming feasibility, the 2 configurations 
of prototype 1 were tested to calculate the range the 
prototype could travel under ideal conditions. In 
addition to the 2 scooter configurations, we tested 
different size pneumatic radial piston motors: 
Bibus EasyDrive PMO 1800 and Bibus EasyDrive 
PMO 360027; different size airline tubing: 6.35 
mm and 9.53 mm diameters; different operating 
pressures: 6.21 and 8.27 bar; and different gear 
ratios: 1:1, 1:1.2, and 1.2:1. The different gear ratios 
were achieved by installing 36-, 43-, and 30-tooth 
sprockets to the motor output shaft, respectively.

These tests were performed on a multidrum 
testing mechanism typically used for the 
International Organization for Standardization 
(ISO) testing for wheelchairs.28 A 100 kg test 
dummy was secured to the seat of the prototype 
to simulate the typical usage of the mobility 
device when traveling with a user. The slats on the 
multidrum were removed to simulate a flat, smooth 
surface, and the multidrum was disconnected 
from its power source. The velocity of the wheels 
was measured using a tachometer (Mitutoyo 
PH-200LC),29 and the airflow rate was measured 
using a digital flow meter (SMC, PFMB7501-
N04-A).30 Constant operating pressures of 6.21 
and 8.27 bar were tested via a constant supply from 
the laboratory air source. 

Figure 1. Prototype 1: 4-wheel configuration rear (left), 3-wheel configuration rear (center), and 4-wheel 
configuration (right).
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Prototype 1 performance testing procedures

The range testing procedure involved driving the 
prototype forward while adjusting the flow control 
valve such that the desired velocity of the PMD 
wheels was achieved. PMD wheel velocities started 
at 0.1 m/s and increased in increments of 0.1 m/s 
until the airflow rate reached 210 L/min (the limit 
of the digital flow switch) or until the maximum 
speed of the PMD was reached. Airflow rates at 
each of the PMD wheel velocities were recorded 
and later entered into a spreadsheet for data 
analysis. Each test consisted of changing a single 
component or parameter and repeating the testing 
procedure. A breakdown of the tests performed for 
each of the component configurations is shown in 
Table 1. In addition to the range testing, dynamic 
stability testing was performed as described in ISO 
7176-2: Determination of Dynamic Stability.

Prototype 1 range calculations

Estimated traveling ranges were calculated from 
the range testing results using a PMD with 24.94 cm 
wheel diameter (prototype 1 wheel diameter) and 
two 9 L HPA tanks (common scuba tank volume) 
at a pressure of 310 bar. Calculating the estimated 
ranges using 2 HPA tanks was chosen due to the 
size of the tanks and the limited space for them. 
The estimated ranges of each of the different 

components and parameters were compared 
to determine the optimal configuration for the 
greatest traveling range at the target traveling 
speed of 1.4 m/s (average human walking speed).  

Prototype 2 performance testing procedures

Range testing of prototype 2 was performed 
by driving the prototype around an indoor, 
rectangular track as described in ISO 7176-4: Energy 
Consumption. Testing started with the scooter 
traveling at a velocity of 1.4 m/s and was stopped 
when the prototype’s velocity dropped below 0.5 
m/s. The prototype was driven around the track in 
either the clockwise or counterclockwise direction 
for 5 laps; the direction of the prototype was then 
reversed and driven for another 5 laps. This process 
was repeated until the minimum threshold velocity 
was reached. Three different configurations were 
tested, 3 times each to obtain an average. The testing 
configurations were 1 scuba tank (9 L), 2 scuba 
tanks (18 L), and 2 scuba tanks with the addition 
of a 1.44 L tank (19.44 L) as an expansion chamber. 
The slope climbing capability of prototype 2 was 
tested using 2 scenarios: approaching a 10° slope at 
a velocity of 1.4 m/s, and starting from a stopped 
position at the bottom of the slope. The velocity of 
the prototype had to be a minimum of 0.5 m/s after 
traveling 10 m up the slope to pass the test.

Table 1. Component configurations tested using prototype 1

Test No. of wheels Motor Tubing, mm Pressure, bar No. of teeth

1 4 1800 6.35 6.21 30
2 4 1800 6.35 6.21 36
3 4 1800 9.53 6.21 30
4 4 1800 9.53 8.27 30
5 4 1800 9.53 6.21 36
6 4 1800 9.53 8.27 36
7 4 3600 6.35 6.21 30
8 4 3600 6.35 8.27 30
9 4 3600 6.35 6.21 36
10 4 3600 6.35 8.27 36
11 4 3600 9.53 6.21 30
12 4 3600 9.53 8.27 30
13 4 3600 9.53 6.21 36
14 4 3600 9.53 8.27 36
15 4 3600 9.53 6.21 43
16 4 3600 9.53 8.27 43
17 3 3600 9.53 6.21 Direct drive
18 3 3600 9.53 8.27 Direct drive
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Results

Prototype 1

Feasibility and performance testing

In the feasibility test using the 4-wheel version 
of prototype 1, it traveled 800 m with a 1.44 L 
air tank; this led us to the conclusion that the use 
of pneumatic technology in PMDs is feasible. 
Therefore, testing continued to determine the 
optimal configuration of components and 
parameters. The calculated results for the estimated 
range versus velocity for prototype 1 are presented 
in Figure 2 for the PMO 1800 motor and Figure 3 
for the PMO 3600 motor. For both motor sizes, 
there is a negative linear trend such that as velocity 
increases, range decreases. We found that higher 
gear ratios and larger airline tubing diameters 
increased maximum velocity and range of values; 
there was no change in velocity or range capability 
between operating pressures. During dynamic 
stability testing, the prototype was capable of 

climbing the slopes at a higher velocity using the 
higher operating pressure. 

After analyzing each of the configurations, we 
determined that a 3-wheel scooter with the PMO 
3600 motor, gear ratio of 1:1.2, 9.53 mm tubing, 
and 8.27 bar operating pressure was the optimal 
configuration that provided the greatest range 
when traveling at a speed of 1.4 m/s. However, with 
this optimal configuration, the 3-wheel version of 
prototype 1 failed the dynamic stability testing. As 
a result, we used the 4-wheel version of prototype 1 
as the basis for the design of prototype 2.

Prototype 2

Prototype design

A 4-wheel mobility scooter was designed with a 
custom frame made from 25.4 mm diameter, 1.65 
mm wall thickness, and 6061-T6 aluminum tubing 
at a weight of 2 kg (Figure 4). The design included 
a modular front steering assembly for simplified 
maintenance, easily removable seat allowing for 
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Figure 2. PMO 1800 motor test results.
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Figure 3. PMO 3600 motor test results.

Figure 4. Prototype 2 aluminum frame (left); prototype 2 (right).
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the pneumatic PMD is much greater at 1.575 km/
min versus an average of 0.059 km/min of the 2 
electric PMDs. 

Discussion

The design and testing of prototype 2 indicates 
that pneumatic technology is a viable replacement 
for electric PMD. Pneumatic technology solves 
many of the major issues experienced with electric 
PMDs and can decrease the overall lifetime costs 
of the device. Based on Medicaid and Medicare’s 
replacement guidelines, PMDs are expected to 
have at least a 5-year lifetime.33 One major issue 
with electric PMDs is the frequency that repairs are 
needed. In one study, a survey that included power 
wheelchair users found that of the 239 power 
wheelchair participants, 65.6% (157/239) needed 
at least one repair within the 6-month period prior 
to participation in the study. Forty-nine percent 
(77/157) of the 65.6% experienced more than one 
adverse consequence, in which 24.2% (38/157) of 
the individuals were left stranded. The study also 
found that the most frequent repairs for power 
wheelchairs were to the electrical, power, and 
control systems.34 When repairs are needed to these 
systems, they are typically performed by a mobility 
device supplier; this can be a lengthy process. Many 
of the components of a pneumatic PMD are widely 
available and affordable and can be fixed by anyone 
who is technically skilled. Pneumatic PMDs are 
designed for years of use with little maintenance. 
This decreases the possibility of the user being 
without a PMD for a long period of time.

Some common concerns when using pneumatic 
systems are noise and safety. The noise of a pneumatic 
system is generated when the air is exhausted out of 
the pneumatic motor. Typical pneumatic motors 

multiple seat types, and an easily, accessible charge 
port to recharge all of the tanks at once. The 
completed design of the prototype 2 is shown in 
Figure 4.

Performance testing 

The results of the range testing for prototype 2 
revealed that the scooter can travel an average of 
1267 m using 1 scuba tank (9 L), 2762 m using 
2 scuba tanks (18 L), and 3150 m using 2 scuba 
tanks and a 1.44 L tank (19.44 L) as an expansion 
chamber at an ambient temperature of 21oC. In 
the slope climbing tests, prototype 2 passed both 
scenarios when using the optimal configuration of 
components determined from testing prototype 
1. When the gear ratio was increased to 1:1.4, the 
prototype was unable to pass either slope testing 
scenarios. As a result, the prototype’s gear ratio 
was set to 1:1.2. 

Pneumatic vs electric PMD 

The specifications of prototype 2 and other 
similar electric PMDs are presented in Table 2. 
Electric PMD 1 and PMD 2 are 4-wheel versions 
of the Pride Mobility Victory 1031 and Golden 
Companion II,32 respectively. The specifications 
of prototype 2 were measured using the actual 
device, whereas the specifications of electric PMD 
1 and PMD 2 were taken from the manufacturers’ 
websites. The pneumatic PMD is similar in size and 
maximum speed to both electric PMDs. In terms 
of weight, the pneumatic PMD is similar to electric 
PMD 1 but is 28.3% lighter than electric PMD 2. 
The pneumatic PMD has significantly less charge 
time and maximum range per charge than either 
electric PMD. However, range per charge time for 

Table 2. Pneumatic- and electric-powered mobility device (PMD) specifications

Device Pneumatic PMD Electric PMD 1 Electric PMD 2

Size, cm 124 x 58 119 x 57 121 x 61
Weight, kg 61.1 62.4 85.3
Charge time, min 2a 480b 360b

Max speed, m/s 2.24 2.35 2.01
Max range per charge, km 3.15 25 24

aDepends on charging method.
bManufacturer minimum recommended charge time.
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Methods 2 and 3 are better suited for in-home 
charging due to their small footprint. For users 
who need quicker recharges and require multiple 
recharges throughout the day due to traveling 
longer distances, method 3 would best suit their 
needs. However, method 2 is more suitable for 
users who do not travel long distances during 
the day and only need to recharge their device 
once a day. Method 1 is more like a gas station for 
vehicles. The filling station has the capability to 
recharge numerous devices in a short amount of 
time. This is beneficial in airports, shopping malls, 
amusement parks, hospitals, and nursing homes.

PMDs typically have a small wheelbase to allow 
them to fit through doors and be maneuverable 
indoors. As a result, the size of the air tanks is 
limited; thus to achieve the range that PMD 
users require, HPA tanks similar to those used by 
firefighters and scuba divers are the best option 
because of their size and safety record. HPA tanks 
have the capability to be filled up to 310 bars. The 
typical compressor found at a local hardware store 
is not capable of reaching such pressures. However, 
these compressors are commonly available at 
sporting goods stores that charge paint-ball tanks, 
at dive shops, and at fire or emergency medicine 
technician stations. Air compressors that meet 
the necessary specifications to fill HPA tanks 
typically costs between $250 and $1,500 and can 
be operated for up to 10 years or more with little 
or no maintenance.37 HPA tanks cost from $50 
to hundreds of dollars and need to be hydro-
tested and recertified every 3 to 5 years at a cost of 
approximately $20 per tank.

When filling HPA tanks to pressures up to 310 
bar, power consumption versus pressure has a 
linear relationship. The potential energy of 9 L of 
air at 200 bar is 953.7 kJ and at 310 bar is 1600 kJ.38 
Using the Bauer Junior II compressor with a 2.2 kW 
motor,36 the energy consumption to fill a 9 L tank 
to a pressure of 200 bar is 2340 kJ in a completion 
time of 17.75 minutes (0.3 hours) while filling a 
tank to 310 bar requires 3960 kJ in a time to fill of 
30 minutes (0.5 hours). The resulting efficiency of 
the Bauer compressor is approximately 41% when 
filled to either pressure. The energy consumption 
when charging electric PMDs can be as high as 
10,370 kJ when considering the maximum charge 
time of 8 hours using a 120 V charger operating 

have noise levels that average 77 dB. These levels 
increase with speed and are greatest when under 
no load. The Bibus pneumatic radial piston motor 
used in our prototypes has a noise level of about 
60 dB,27 similar to that of a pair of electric-powered 
wheelchair motors that operate at 58 dB. These 
levels can further be decreased with the addition of 
a muffler. In terms of safety, pneumatic components 
use no hazardous materials and meet both explosion 
protection and machine safety requirements because 
they do not generate magnetic interference.35 

The following potential charging methods 
describe the ranges of time required to charge 
pneumatic PMDs. Pneumatic PMDs are “charged” 
(air tanks filled) via an air compressor that is 
capable of filling the tanks up to a pressure of 310 
bar. The compressor is connected to the PMD via 
a quick disconnect connection, similar to how 
electric PMDs are plugged in to charge. The length 
of time for a full charge is based on the method of 
recharging. The first method is to have a “filling 
station” that consists of a large storage tank that 
is hooked up to a compressor that constantly 
maintains the storage tank pressures at 310 bar. 
Then, filling the tanks is as simple as connecting 
the PMD to the storage tank and opening a couple 
of valves to allow air to transfer from the storage 
tank to the tanks on the PMD. This method takes 
approximately 2 minutes to fill the tanks from 
empty. The second method is identical to the 
first but with the absence of the storage tank. The 
pneumatic PMD would be connected directly to 
the compressor as described above. The charge 
time for this method depends on the size of the 
compressor. For instance, the Bauer Junior II has 
an air flow rate of 100 L/min.36 At that rate, it takes 
approximately 90 to 120 minutes to completely 
fill all 3 tanks from empty. The third method 
would be to have one large or a number of small 
tanks that are filled to 310 bar. These would act 
as the storage tank described in method one. The 
pneumatic PMD could be connected to the tank(s) 
to recharge. To refill the storage tank(s), a mobile 
air compressor unit could fill the tanks or a bottle 
service could be used to pick up the empty tank(s) 
and replace them with filled tanks. The number of 
recharges would depend on the size and number of 
storage tanks. Charging time for this method would 
be similar to method one, approximately 2 minutes. 
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may also be integrated into other PMDs such as 
power wheelchairs (Figure 5) or power-activated 
power-assist wheelchairs. The overarching goal is 
to remove the need for batteries and replace them 
with a more user and environmentally friendly 
alternative.

Pneumatic systems are also well suited for use in 
PMDs because of their resilience to environmental 
hazards such as dirt, heat, and moisture.41,42 
Pneumatic powered systems have a clear advantage 
over electric-powered systems in the presence 
of water or moisture or in environments where 
there are fire/explosion risks (eg, oxygen rich 
environments). HPA-powered PMDs have the 
potential to open up avenues for independent 
mobility on beaches, in amusement/water-parks, 
and in other wet environments. Moreover, in 
environments with high relative humidity, an 
HPA-powered PMD should have much higher 
reliability and longevity than an electric-powered 
PMD.43 This could be an important contribution 
to powered mobility in less-resourced countries. 
An HPA-driven PMD could support community 
integration by increasing reliability and availability 
of the PMD. It could also promote participation in 
many activities of daily living through improved 
transportability due to the PMD being lighter in 
weight.24,44

at 3 A. When comparing the energy consumption 
between electric and pneumatic systems, a 
pneumatic system can be recharged 2.2 more times 
when filling the system to 200 bar and 1.3 more 
times when filling to 310 bar.

The range of devices powered by compressed air 
is based on the pressure, volume, and temperature 
of stored air on the PMD. Air volume can be 
increased by increasing the pressure inside the 
air tank, raising the temperature (eg, through an 
expansion chamber), or increasing the air tank 
size. As the air leaves the main tanks, it is fairly 
cold. In addition to using the expansion chamber 
to raise the air temperature, the air lines could 
also be routed through the seat cushion. Thus, 
the cold air would lower skin temperatures while 
the individual’s body heat would raise the air 
temperature. In the end, the warmer the air, the 
further distance the device can travel. Lower skin 
temperatures may also reduce the risk of pressure 
ulcers.

The average electrical PMD battery lasts 6 
months to 1 year. Battery lifetimes are based on 
numerous factors including battery size/type, 
charging frequency, level of daily discharge, and 
daily usage. The range of travel of electric PMDs 
is variable based on the terrain traversed and 
driver habits. Traveling up slopes and at higher 
speeds tends to decrease the range of a PMD. 
Therefore, batteries will need to be replaced 
a minimum of 5 to 6 times over the expected 
lifetime of the device. Battery replacements can 
cost from $100 to $500 depending on the type of 
PMD. Thus, pneumatic technology may result in 
a savings of approximately $500 to $2,500 over 
the lifetime of the device, when considering the 
batteries alone.

Pneumatic systems have the potential to provide 
rapid, nearly unlimited recharging; lighter weight; 
lower operating cost; and smaller environmental 
impact.39,40 With the growing availability of 
lightweight, portable HPA tanks, a pneumatic 
drive system could strengthen individual 
independence and mobility and lower health care 
and institutional costs. The recent availability of 
low-cost, efficient rotary piston air motors has 
made HPA a practical alternative to electric power 
for PMDs. Future work for pneumatic technology Figure 5. Power wheelchair concept.
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Conclusion

The justification for investigating pneumatic 
systems in power mobility devices is validated 
based on the findings from previous studies 
that mobility device users typically travel an 
average 2,524.7 m in a day.24,25,44 The range tests 
of prototype 2 prove that the device is capable 
of achieving 3,150 m on a single charge. The 
numerous advantages of pneumatic-powered 
mobility devices versus electric-powered 
mobility devices provide further optimism. 

Further development and integration of 
the technology into mobility devices could 
transform the mobility device industry by 
decreasing costs, improving safety, decreasing 
environmental impact, improving reliability, 
and enhancing the lives and quality of life of 
PMD users.

Acknowledgments

The authors report no conflicts of interest.

REFERENCES

 1. Burden G. George J. Klein, Canada’s Own Thomas 
Edison. November 25, 2011. http://lifeasahuman.
com/2011/arts-culture/history/george-j-klein-
canadas-own-thomas-edison/.

 2. Solon O. Tongue drive uses dental retainer and found 
piercing to control wheelchair. February 21, 2012. 
http://www.wired.co.uk/article/tongue-drive-system. 
Accessed October 3, 2016.

 3. Attali X, Pelisse F. Looking back on the evolution of electric 
wheelchairs. Med Eng Physics. 2001;23(10):735-743. 

 4. Edlich R, Nelson KP, Foley ML, Buschbacher R, 
Long III WB, Ma EK. Technological advances in 
power wheelchairs. J Long Term Eff Med Implants. 
2004;14(2):107-130. 

 5. 10 Technologies that are redefining disability right now. 
January 19, 2016. http://www.1800wheelchair.com/
news/2016-ten-technologies-redefining-disability. 
Accessed October 3, 2016.

 6.  Leeb R, Friedman D, Muller-Putz GR, et al. Self-paced 
(asynchronous) BCI control of a wheelchair in virtual 
environments: A case study with a tetraplegic. Comput 
Intell Neurosci. 2007;2007:79642. 

 7. Fisher WE, Garrett RE, Seeger BR. Testing of gel-
electrolyte batteries for wheelchairs. J Rehabil Res Dev. 
1988;25(2): 27-32. 

 8. Kauzlarich JJ, Ulrich V, Bresler M, Bruning T. 
Wheelchair batteries: Driving cycles and testing. J 
Rehabil Res Dev. 1983;20(1):31-43. 

 9. Garrett R, Hartridge M, Seeger B. Comparative 
evaluation of chargers for wheelchair gel cell batteries. 
Aust Phys Eng Sci Med. 1990;13(3):148-156. 

 10. Cooper R, Boninger M, Spaeth D, et al. Engineering 
better wheelchairs to enhance community participation. 
IEEE Trans Neural Syst Rehabil Eng. 2006;14(4):438-
455. 

 11. Rehabilitation Engineering Research Center on 
Technology Transfer. Proceedings of the stakeholder 
forum on wheeled mobility; 1999; Pittsburgh. http://
t2rerc.buffalo.edu/pubs/forums/mobility/mobility.pdf

 12. Cooper R. Wheelchair research progress, perspectives, 
and transformation. J Rehabil Res Dev. 2012;49(1): 
1-5. 

 13. Institute of Medicine. The Future of Disability in 
America. Washington, DC: National Academies Press; 
2007. 

 14. Center for Compact and Efficient Fluid Power. Annual 
report, 2013. http://www.ccefp.org/about-us/
annual-report.

 15. van Drongelen A, Roszek B, Hilbers-Modderman 
E, Kallewaard M, Wassenaar C. Wheelchair 
incidents. RIVM report 318902012. November 28, 
2002. http://www.rivm.nl/en/Documents_and_
publications/Scientific/Reports/2002/november/
Wheelchair_incidents

 16. Battery University. Lithium-ion safety concerns. http://
batteryuniversity.com/learn/archive/lithium_ion_
safety_concerns. Accessed October 24, 2016.

 17. Battery University. Is lithium-ion the ideal battery? 
http://batteryuniversity.com/learn/archive/is_
lithium_ion_the_ideal_battery. Accessed  October 24, 
2016.

 18. Part Man Part Chair. Why lithium ion batteries are not 
used on powerchairs...yet. November  25, 2009. http://
partmanpartcar.blogspot.com/2009/11/why-lithium-
ion-batteries-are-not-used.html. AccessedOctober 24, 
2016.

 19. Lu L, Han X, Li J, Hua J, Ouyang M. A review on the key 
issues for lithium-ion battery management in electric 
vehicles. J Power Sources. 2013;226:272-288. 

 20. Wen J, Yu Y, Chen C. A review on lithium-ion batteries 
safety issues: Existing problems and possible solutions. 
Materials Express. 2012;2(16):197-212. 

 21. First air car. http://www.automostory.com/first-air-
car.htm. Accessed October 4, 2016.

 22. Turpen A. Whatever happened to that compressed 
air car anyway? December 14, 2014. http://
www.torquenews.com/1080/whatever-happened-
compressed-air-car-anyway. Accessed October 4, 
2016.

 23. Edelstein S. Tata airpod compressed-air car to launch 
in Hawaii this year: Report. February 13, 2015. 
http://www.greencarreports.com/news/1096772_
tata-airpod-compressed-air-car-to-launch-in-hawaii-
this-year-report. Accessed October 4, 2016.

23_2_Text_04.indd   129 3/28/17   2:36 PM



130 Topics in spinal cord injury rehabiliTaTion/spring 2017

24.  Cooper R, Thorman T, Cooper R, et al. Driving 
characteristics of electric power wheelchair users: How 
far, fast, and often do people drive? Arch Phys Med 
Rehabil. 2002;83(2):250-255. 

25.  Karmarkar A, Cooper R, Wang H, Kelleher A, 
Cooper R. Analyzing wheelchair mobility patterns of 
community dwelling older adults. J Rehabil Res Dev. 
2011;48(9):1077-1086. 

26.  Cooper R, Ferretti E, Oyster M, Kelleher A, Cooper R. 
The relationship between wheelchair mobility patterns 
and community participation of individuals with spinal 
cord injury. Assist Technol. 2011;23(3):177-183. 

27.  Bibus. Pneumatic motors and accessories. December 
2008. http://www.bibus.es/fileadmin/product_data/
bibus/documents/bibus_air_motors_catalogue_
en_12-2008.pdf.

28.  International Organization for Standardization. 
Wheelchairs-Part 8: Requirements and test methods 
for static, impact and fatigue strengths. 2014. https://
www.iso.org/obp/ui/#iso:std:64902:en.

29.  Mitutoyo. Digital tachometer. August 2000. 
h t t p : / / w w w. m i t u t o y o . c o m / w p - c o n t e n t /
uploads/2012/11/1444-982.pdf.

30.  SMC. Sensors and switches. 2013. http://www.smcusa.
com/top-navigation/cad-models.aspx/36600.

31. Pride Mobility Products. Victory 10. http://www.
pridemobility.com/scooters/victory10.asp. Accessed 
January 22, 2017.

32.  Golden Technologies. Companion 4-wheel full size. 
http://www.goldentech.com/scooters/full-size-
luxury-scooters-companion-series/companion-4-
wheel-full-size/. Accessed January 22, 2017.

33.  Center for Medicare & Medicaid Services. April 2015. 
https://www.cms.gov/Outreach-and-Education/
Medicare-Learning-Network-MLN/MLNProducts/
downloads/pmd_DocCvg_FactSheet_ICN905063.
pdf. Accessed October 5, 2016.

34.  Toro ML, Worobey L, Boninger ML, Cooper RA, 
Pearlman J. Type and frequency of reported wheelchair 
repairs and related adverse consequences among 

people with spinal cord injury. Arch Phys Med Rehabil. 
2016;97(10):1753-1760. 

35.  Gonzalez C. What’s the difference between pneumatic, 
hydraulic, and electrical actuators? Machine Design. 
April 16, 2015. http://machinedesign.com/linear-
motion/what-s-dif ference-between-pneumatic-
hydraulic-and-electrical-actuators. 

36.  Kompressoren B. Junior II, 2016. http://www.bauer-
kompressoren.de/en/products/breathing-air-sports/
compact-line-100-140-lmin/junior-ii-100-lmin/. 
Accessed October 11, 2016.

37.  Federal Energy Management Program. Operations 
& Maintenance Best Practices, A Guide to Achieving 
Operational Efficiency. US Department of Energy, 
2010. http://www.pmml.gov/main/publications/
external/technical_reports/PNNL-19634.pdf

38.  Compressed air energy storage. http://www.
tribology-abc.com/abc/thermodynamics.htm. 
Accessed October 12, 2016.

39.  Pandian S, Takemura F, Hayakawa Y, Kawamura S. 
Control performance of an air motor. Presented at: IEEE 
Conference on Robotics & Automation; 1999; Detroit, MI. 

40.  Davis S, Tsagarakis N, Canderle J, Caldwell D. 
Enhanced modeling and performance in braided 
pneumatic muscle actuators. Int J Robotics Res. 
2006;22(3-4):359-369. 

41.  Hitchcox A. Air motors stand up to abuse. June 11, 
2010. http://hydraulicspneumatics.com/other-
technologies/air-motors-stand-abuse. Accessed 
December 27, 2015.

42.  Turner R, Post M. When air motors fit the bill. August 
6, 2007. http://hydraulicspneumatics.com/cylinders-
amp-actuators/when-air-motors-fit-bill. Accessed  
December 27, 2015.

43.  Manney D. Top 5 reasons electric motors fail. January 
7, 2016. http://www.lselectric.com/top-5-reasons-
electric-motors-fail/. Accessed October 24, 2016.

44.  Tolerico M, Ding D, Cooper R, et al. Assessing mobility 
characteristics and activity levels of manual wheelchair 
users. J Rehabil Res Dev. 2007;44(4):561-571.

23_2_Text_04.indd   130 3/28/17   2:36 PM


